Understanding the interaction of α,β-unsaturated carbonyl compounds with late transition metals is a key prerequisite for rational design of new catalysts with desired selectivity towards C = C or C = O bond hydrogenation. The interaction of the α,β-unsaturated ketone isophorone and the saturated ketone TMCH (3,3,5-trimethylcyclohexanone) with Pd(111) was investigated in this study as a prototypical system. Infrared reflection-absorption spectroscopy (IRAS) and density functional theory calculations including van der Waals interactions (DFT + vdW surf ) were combined to form detailed assignments of IR vibrational modes in the range from 3000 cm −1 to 1000 cm −1 in order to obtain information on the binding of isophorone and TMCH to Pd(111) as well as to study the effect of co-adsorbed hydrogen. IRAS measurements were performed with deuterium-labeled (d 5 -) isophorone, in addition to unlabeled isophorone and unlabeled TMCH. Experimentally observed IR absorption features and calculated vibrational frequencies indicate that isophorone and TMCH molecules in multilayers have a mostly unperturbed structure with random orientation. At sub-monolayer coverages, strong perturbation and preferred orientations of the adsorbates were found. At low coverage, isophorone interacts strongly with Pd(111) and adsorbs in a flat-lying geometry with the C = C and C = O bonds parallel, and a CH 3 group perpendicular, to the surface. At intermediate sub-monolayer coverage, the C = C bond is strongly tilted, while the C = O bond remains flat-lying, which indicates a prominent perturbation of the conjugated π system. Pre-adsorbed hydrogen leads to significant changes in the adsorption geometry of isophorone, which suggests a weakening of its binding to Pd(111). At low coverage, the structure of the CH 3 groups seems to be mostly unperturbed on the hydrogen pre-covered surface. With increasing coverage, a conservation of the inplane geometry of the conjugated π system was observed in the presence of hydrogen. In contrast to isophorone, TMCH adsorbs in a strongly tilted geometry independent of the surface coverage. At low coverage, an adsorbate with a strongly distorted C = O bond is formed. With increasing exposure, species with a less perturbed C = O group appear.
Understanding the interaction of α,β-unsaturated carbonyl compounds with late transition metals is a key prerequisite for rational design of new catalysts with desired selectivity towards C = C or C = O bond hydrogenation. The interaction of the α,β-unsaturated ketone isophorone and the saturated ketone TMCH (3,3,5-trimethylcyclohexanone) with Pd(111) was investigated in this study as a prototypical system. Infrared reflection-absorption spectroscopy (IRAS) and density functional theory calculations including van der Waals interactions (DFT + vdW surf ) were combined to form detailed assignments of IR vibrational modes in the range from 3000 cm −1 to 1000 cm −1 in order to obtain information on the binding of isophorone and TMCH to Pd(111) as well as to study the effect of co-adsorbed hydrogen. IRAS measurements were performed with deuterium-labeled (d 5 -) isophorone, in addition to unlabeled isophorone and unlabeled TMCH. Experimentally observed IR absorption features and calculated vibrational frequencies indicate that isophorone and TMCH molecules in multilayers have a mostly unperturbed structure with random orientation. At sub-monolayer coverages, strong perturbation and preferred orientations of the adsorbates were found. At low coverage, isophorone interacts strongly with Pd(111) and adsorbs in a flat-lying geometry with the C = C and C = O bonds parallel, and a CH 3 group perpendicular, to the surface. At intermediate sub-monolayer coverage, the C = C bond is strongly tilted, while the C = O bond remains flat-lying, which indicates a prominent perturbation of the conjugated π system. Pre-adsorbed hydrogen leads to significant changes in the adsorption geometry of isophorone, which suggests a weakening of its binding to Pd(111). At low coverage, the structure of the CH 3 groups seems to be mostly unperturbed on the hydrogen pre-covered surface. With increasing coverage, a conservation of the inplane geometry of the conjugated π system was observed in the presence of hydrogen. In contrast to isophorone, TMCH adsorbs in a strongly tilted geometry independent of the surface coverage. At low coverage, an adsorbate with a strongly distorted C = O bond is formed. With increasing exposure, species with a less perturbed C = O group appear.
Introduction
Chemo-and enantioselectivity in hydrogenation of α,β-unsaturated carbonyls on transition metals is a widely discussed topic in the field of heterogeneous catalysis. Particularly important is the possibility to control the selective hydrogenation of α,β-unsaturated ketones and aldehydes, which represent a broad class of valuable intermediates for practically important processes [1] [2] [3] . For molecules containing both a C = C and a C = O π-bond, such as the α,β-unsaturated ketone isophorone (3,5,5-trimethylcyclohex-2-enone), hydrogenation can yield either a saturated ketone, an unsaturated alcohol or a saturated alcohol. To avoid the formation of undesired products and thereby an often difficult and costly separation of the different products, a high selectivity towards hydrogenation of either the C = C or C = O bonds is desirable. Over Pd catalysts, the hydrogenation of the C = C bond of isophorone is strongly favored, yielding the saturated ketone TMCH (3,3,5-trimethylcyclohexanone) in high selectivity (≈100%) and almost no alcohols [4] [5] [6] . The origin of this chemoselectivity is, however, not fully understood.
Not only a high chemoselectivity, but even a high enantioselectivity in hydrogenation reactions can be achieved over heterogeneous catalysts using chiral modifiers [7] [8] [9] [10] . Compared to homogeneous catalysts traditionally applied for enantioselective reactions, the use of heterogeneous catalysts has operational, economical and often environmental advantages, so that heterogeneously catalyzed enantioselective hydrogenation has been recognized as a promising field of research. A number of different modifiers have been tested for the enantioselective hydrogenation of isophorone, which is a model compound for enantioselective hydrogenation of enones [7, [11] [12] [13] [14] [15] [16] [17] [18] . Although the origin of the enantioselective hydrogenation of isophorone is not well understood, Lambert et al. [19, 20] have proposed a mechanism in which the stereochemistry of the chiral modifier and the adsorption geometry of isophorone on the Pd catalyst play a decisive role. More specifically, strong tilting of the unsaturated bonds on Pd was put forward to explain the enantioselective interaction of isophorone with the chiral modifier. To the best of our knowledge, the effects of isophorone coverage and co-adsorbed hydrogen on the isophorone adsorption geometry have not been investigated so far in surface science studies.
In our previous work we found that isophorone adsorbs in a flatlying geometry with the C = C and C = O bonds parallel to the Pd(111) surface at low coverage [21, 22] . Coverage dependent NEXAFS studies showed that the angles of both unsaturated bonds with respect to the surface increased with increasing isophorone coverage. The tilting is considerably more pronounced for the C = C bond, indicating a perturbation and strong structural distortion of the conjugated π system [22] .
In this work, infrared reflection-absorption spectroscopy (IRAS) and density functional theory studies including van der Waals interactions (DFT + vdW surf [23] ) were used to assign vibrational modes of isophorone, d 5 -isophorone, and TMCH as well as to study the effects of hydrogen co-adsorption. IRAS is a powerful tool not only for determining the vibrational frequencies of chemical bonds, but also -making use of the metal surface selection rule [24] [25] [26] -for probing their orientation with respect to the metal surface. Thus, the combination of IRAS studies at sub-monolayer coverages with DFT hold great potential to provide detailed insights into the interaction of isophorone and TMCH with Pd(111). Our results show that IR absorption features of molecules at multilayer coverages agree well with the calculated vibrational frequencies for unperturbed molecules. At sub-monolayer coverages, isophorone is strongly perturbed by interacting with the Pd(111) surface. Both the C = C and C = O bonds are oriented parallel to the surface and the CH 3 groups are oriented perpendicular to the surface. Strong perturbations of the isophorone molecule are observed on pristine Pd(111), however, this effect is reduced by preadsorbing hydrogen on Pd(111). In contrast to isophorone, TMCH adsorbs on Pd(111) with a strongly tilted C = O bond at low coverages.
Experimental details and methods
IRAS experiments were performed at the Fritz-Haber-Institut, Berlin, in a UHV apparatus that has been described in detail before [27] . Isophorone, d 5 -Isophorone, or TMCH were dosed onto the sample cooled to 120 K through a doubly differentially pumped multi-channel array source controlled by valves and shutters. The surface was precovered with hydrogen by dosing 100 L of H 2 through a second doubly differentially pumped multi-channel array source controlled by valves and shutters. The sources were operated at room temperature, and the beam diameter was chosen to exceed the sample size. The Pd(111) single crystal was cleaned prior to use by repeated cycles of Ar + ion bombardment at room temperature, annealing at 1000 K and oxidation in 1 · 10 − 6 mbar O 2 at 750 K to remove residual carbon.
The final cleaning cycle was stopped after annealing. The flatness and cleanliness of the Pd(111) single crystal surface were checked by low energy electron diffraction (LEED) and infrared reflection-absorption spectroscopy (IRAS) of adsorbed CO. IRAS data were acquired using a vacuum Fourier-Transform infrared (FT-IR) spectrometer (Bruker IFS 66v/S) with a spectral resolution of 2 cm −1 and using a mid-infrared [28] , as implemented in the FHI-aims all-electron code [29] . The PBE + vdW surf method, which accurately and effectively include the vdW interactions and dielectric screening within the bulk, has been demonstrate to perform very well for both strongly and weakly bound adsorption systems [30] [31] [32] . The "tight" settings were employed for integration grids and standard numerical atom-centered orbitals basis sets in FHI-aims code. The scaled zeroth-order regular approximation [33] was used to treat relativistic effects for Pd atoms. We built up four-layer Pd slabs with a (4 × 4) unit cell, and each slab was separated by a 20 Å vacuum. The bottom two metal layers were constrained, whereas the uppermost two metal layers and the adsorbate were allowed to fully relax during geometry relaxations. For slab calculations, we used a 3 × 3 × 1 k-points mesh. Based on the most stable geometries, infrared vibrational spectra were calculated by a second derivative of the energy from the numerical change of the forces arising from small finite displacements. Six finite displacements were applied to each of the atoms with a value of 0.005 Å. It should also be noted that our calculations were based on the harmonic approximations, while the experimental spectra were measured at 120 K. To scrutinize the feasibility of the calculated structures, we have also computed the anharmonic IR spectra for isophorone on Pd(111) using ab initio molecular dynamics simulations at 130 K. The simulations were run for up to 73 ps, and the calculated spectra on Pd(111) agree very well with the experimentally measured IR spectra showing a vanishing of C = O and C = C stretching modes as expected for a flat-lying isophorone [22] . For isophorone and TMCH molecules in gas phase, the infrared vibrational spectra were calculated based on the fully relaxed structures from the PBE + vdW method, as implemented in the FHI-aims code. In this code the infrared spectra were calculated by a second derivative of the energy from the numerical change of the forces arising from small finite displacements. Six finite displacements were applied to each of the atoms with a value of 0.005 Å.
Results and discussion
The adsorption of the unsaturated ketone isophorone (3,5,5-trimethylcyclohex-2-enon), deuterium substituted (d 5 -) isophorone, and the saturated ketone TMCH (3,5,5-trimethylcyclohexanone) on Pd(111) at 120 K was studied under well-defined UHV conditions by infrared reflection-absorption spectroscopy (IRAS). IR vibrational frequencies were calculated by the DFT + vdW surf method. The structural formulae of normal and d 5 -isophorone are shown in Fig. 1a and b. In d 5 -isophorone, the five hydrogen atoms attached to the C 6 ring are substituted by deuterium atoms, while the hydrogen atoms on the CH 3 groups were unlabeled. The structure of TMCH is shown in Fig.  1c ). Molecular vibrations will be discussed according to the labeling of the ring positions and methyl groups as illustrated in Fig. 1 . Ring positions are labeled with numbers 1 to 6, methyl groups are labeled with A, B, and C. To the best our knowledge, no detailed assignment of IR vibrations of isophorone or TMCH is available in literature. Therefore, we compare our experimental and theoretical assignments of IR vibrations to those of the same functional groups in other molecules. Among a large number of IR studies on hydrocarbons with identical groups, we chose some of the most fundamental investigations [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] This is of particular interest for our study, since in both cases the CH 2 groups are located next to a C = O group [45] . More general, Snyder and Schachtschneider presented very extensive interpretations of IR spectra of n-alkanes at 3000-2800 cm −1 and 1500-700 cm −1 in an experimental [40] and a theoretical [39] study. Lavalley and Sheppard investigated IR absorption features in the C-H stretching region, which result from Fermi resonance between CH 3 asymmetric deformation overtones and CH 3 symmetric stretching fundamentals [52] . A detailed study on the vibrational modes of linear and branched aliphatic hydrocarbons in the range below 1500 cm −1 was published by Sheppard et al.
Some characteristic features were observed for non-linear molecules, such as a splitting of the CH 3 symmetric deformation into two bands for two CH 3 groups attached to the same saturated C atom [37] . Colthup found that this splitting is the result of an interaction force between two or three neighboring CH 3 groups. The same study shows that the exact wavenumber of CH 3 , CH 2 , and CH deformation vibrations is in general determined by the electron density at the respective C atom [41] . These references, along with DFT calculations from this work, form the basis for our assignment of infrared vibrational modes of isophorone and TMCH adsorbed on Pd(111).
In the following sections, we will first discuss the IR spectra of molecules in multilayers before focusing on coverage-dependent IR vibrations from multilayer to sub-monolayer coverage, where the interaction with the underlying palladium substrate becomes more important. Finally, the sub-monolayer structures of isophorone and TMCH will be compared. The comparison of the binding properties of isophorone and TMCH is of particular interest for catalysis, since hydrogenation of the C = C bond in isophorone yields TMCH.
IR vibrations in isophorone multilayers
In this section, we briefly discuss the IR spectra of multilayercoverages of isophorone and d 5 -isophorone on Pd(111). A more detailed assignment of molecular vibrations can be found in SI. The spectra are dominated by molecules organized in an ice structure, providing a reference for mainly non-perturbed molecules. DFT + vdW surf calculations were performed for non-perturbed molecules in the gas-phase. range. It has been observed before that calculated harmonic vibrational frequencies systematically deviate from experimental results, since effects of anharmonicity of the interaction potential are not taken into account and frequency scaling factors of ≈0.9 to 0.95 are typical [54] . For simplicity, we will give only the scaled DFT results in the text. The unscaled calculated DFT values are listed in Table 1 and Table 2 . Note that a normal mode of a polyatomic molecule is a linear combination of several internal coordinates, such as bond angle bending and stretching. Since it is quite difficult to fully correctly describe a normal vibration consisting of a number of changing internal coordinates in a concise way, we decided to describe each calculated normal mode via the most pronounced internal coordinate(s) contributing to this vibration. It should be also noted that the experimentally measured IR spectra of the molecules adsorbed in the multilayers are compared to the DFT results obtained for the gas phase. Here, we made an approximation that the differences between the vibrational modes of the unperturbed molecules in the multilayers and in the gas phase are only minor. More accurate calculations should include effects arising from e.g. site symmetry effects, hydrogen-bonding etc., which will be subject of our future investigations. The stretching modes are labeled with A1 to A15 and the deformation modes with B1 to B20. We will refer to the respective labels in the following discussion, in the tables, as well as in the IR spectra.
C = C and C = O stretching vibrations
The stretching modes of the C = O and the C = C bonds show very pronounced bands in the spectra displayed in Fig. 2 . In normal isophorone, the most intense vibration is the C = O stretching mode at 1665 cm −1 , which overlaps with the C = C stretching mode at 1655 cm Fig. 3 illustrates the experimental IR spectra of normal isophorone and d 5 -isophorone in the range of the C-H and C-D stretching vibrations. The C-H and C-D stretching modes show multiple bands and their assignment is more complex due to overlapping bands and weak dynamic dipole moments. A detailed discussion of the C-H and C-C vibrational modes is presented in the SI. Briefly, our DFT study predicts six asymmetric and three symmetric stretching modes for the three CH 3 groups, one asymmetric and one symmetric stretching vibration for each CH 2 or CD 2 groups, and one stretching mode for the CH or CD group. The computed frequencies and the experimentally observed IR vibrations are summarized in Table 1 Fig. 5 displays IR spectra of d 5 -isophorone adsorbed on Pd(111) at 120 K at coverages ranging from the multilayer to the sub-monolayer regime. While the IR spectra of isophorone at multilayer coverages are dominated by molecules in isophorone ice, the sub-monolayer spectra show the vibrations of isophorone molecules directly interacting with the Pd surface. The adsorption geometry of molecules on metal surfaces can be deduced from their IR spectra based on the metal surface selection rule (MSSR) [24, 26] . According to the MSSR, only the component of a dynamic dipole moment perpendicular to the metal surface can be detected, while vibrations parallel to the surface are strongly attenuated by an image dipole in the metal substrate. Changes in the intensity distribution between C = C, C = O and C-H vibrations with decreasing isophorone coverage indicate the transition from a more random orientation in multilayers to a favored geometry of molecules attached to Pd(111).
C-H and C-D Stretching Vibrations
At the lowest coverage of d 5 -isophorone on Pd(111) (1/6 ML), there are significant absorption bands dectected in the C-H stretching and Table 2 Assignment of IR vibration frequencies from DFT calculations and IRAS experiments of normal isophorone and d 5 -isophorone in the C-H, C-D and C-C deformation and C-C stretching vibrations (1500-1000 cm −1 ). Vibration frequencies that strongly change when switching from normal to d-labeled isophorone are printed in bold. Vibration modes that are mostly independent from deuterium-labeling are printed with normal intensity.
Most pronounced internal coordinate(s) of the normal mode
Vibrations isophorone/cm ν: stretch, δ: bend, δ a : asymmetric bend, δ s : symmetric bend, ω: wag, τ: twist, ρ: rock. DFT scaling factor = 0.945. 1 Note that this band strongly shifts in the saturated ketone TMCH in which the immediate environment of CH 3 (A) is changed (see Table 4 ). deformation regions; however, there are no band detected for the C = O or C = C stretching modes. This intensity distribution is in sharp contrast to the observation at multilayer coverage, where the most intense vibration is the C = O stretching mode. The absence of IR absorption in the C = O and C = C stretching region indicates that these bonds are either orientated parallel to the metal surface and cannot be seen in IRAS because of the MSSR or are strongly perturbed by the interaction with the Pd(111) surface. The orientation of the unsaturated C = C and C = O bonds has been studied in more detail by previous NEXAFS and IRAS experiments [22] . NEXAFS experiments confirmed that the C = C and C = O bonds stay intact, but are oriented parallel to the Pd(111) surface plane at a coverage of 0.2 ML. With increasing coverage, the intensities of the IR bands assigned to the C = O and C = C stretching vibrations strongly increase. For a coverage of 1/2 ML, the C = C stretching peak at 1620 cm − 1 is more pronounced than the C = O stretching band around 1665 cm
. With further increasing coverage, the C = O stretching band increases rapidly and becomes the most intense peak at full monolayer coverage and above. The ratio of the C = O to C = C stretching vibration at multilayer coverage is~6-8. The strong C = C stretching band and the low intensity of the C = O stretching band at 1/2 ML point to a strongly tilted C = C bond, while the orientation of C = O bond remains nearly parallel to the surfacethis observation is in excellent agreement with our earlier NEXAFS study.
At sub-monolayer coverage, pronounced IR absorption is observed at 2960-2932 cm vibrations of the same functional group points to a strongly favored adsorption geometry, with some CH 3 dynamic dipole moments parallel to the metal surface and others strongly inclined with respect to the surface plane. In fact, a strong dynamic dipole perpendicular to the surface for the symmetric bending mode and parallel dipole moment for the asymmetric bending mode points to a CH 3 group which is facing away from the surface and is strongly inclined with respect to the C = C-C = O plane of isophorone. IR absorption bands near 2885-2874 cm −1 , which are unique for low coverage, could either point to a shifted CH 3 symmetric stretching frequency and thus to a perturbation of a CH 3 group; or to a CH 2 asymmetric stretching mode and thus to dehydrogenation of a CH 3 group. Note that intact d 5 -isophorone molecules do not have unlabeled CH 2 groups.
Isophorone on hydrogen pre-covered Pd(111)
In order to study the effect of co-adsorbed hydrogen on the interaction of isophorone with Pd(111), the Pd(111) surface was pre-exposed to 100 L H 2 at 120 K. Previously it has been shown that H 2 rapidly dissociates on the Pd(111) surface, forming a 1 × 1 overlayer of H atoms adsorbed on threefold-hollow sites (formal surface coverage: 1 H atom per 1 Pd surface atom) [55] [56] [57] . Note that no subsurface hydrogen species can be formed under these conditions. Fig. 6 shows IR spectra of d 5 -isophorone adsorbed on pristine Pd(111) (black traces) and on hydrogen-saturated Pd(111) (red traces) at 120 K, with d 5 -isophorone coverages ranging from 1/8 ML to 1/2 ML. While the spectra of d 5 -isophorone multilayers on pristine and hydrogen pre-covered Pd(111) are similar, significant differences are observed at sub-monolayer coverages. Black labels indicate IR absorption bands that are more pronounced on the clean Pd(111) surface, gray labels mark peaks having higher intensity on hydrogen pre-covered Pd(111) in the low coverage limit.
At the lowest coverages, clearly different C-H vibrational modes appear on pristine and hydrogen pre-covered Pd(111). Stronger IR absorption of isophorone on hydrogen pre-covered Pd(111) is observed at 2955 cm −1 and 2927 cm − 1 (CH 3 asymmetric stretching modes) and at 1430 cm −1 (the CH 3 asymmetric bending mode of group A). In contrast, on pristine Pd(111), peaks appear in the C-H stretching region at 2907 cm −1 and 2885 cm −1 . The vibrational band at 2907 cm −1 is most likely related to the overtone of the CH 3 asymmetric bending mode at 1464 cm −1 , which is also unique for molecules on pristine Pd(111). Moreover, the C-C stretching modes near 1251 cm − 1 are more pronounced on the clean surface, while the mode at 1205 cm
is more intense on the hydrogen pre-covered surface.
According to the MSSR we conclude that the different distribution of IR absorption intensities on pristine and H 2 pre-covered Pd(111) point to different adsorption geometries of isophorone on both surfaces. Especially the differences in the C-H stretching modes indicate significant changes in the orientation of the CH 3 groups with respect to the surface in the presence of hydrogen. Furthermore, not only geometric effects, but also perturbation and/or chemical transformation of isophorone could yield different spectroscopic signatures on each surface. The IR absorption near 2885 cm
, which is unique for isophorone on pristine Pd(111) at low coverage, might point to conversion of a CH 3 to a CH 2 group. This pathway seems to be suppressed in the presence of H 2 .
Note that the relative intensities of the C-H vibrational bands might slightly differ for different measurements at nominally the same surface coverage, which might be due to the strong dipole coupling effects and/ or variation of the surface coverage.
IR vibrations and adsorption of TMCH
The product of C = C bond hydrogenation in isophorone is the saturated ketone 3,3,5-trimethylcyclohexanone(TMCH). In this section, we assign the IR vibrational modes of TMCH adsorbed on Pd(111) for comparison to isophorone.
Assignment of vibrations in TMCH multilayers
As discussed above, scaling the DFT-calculated IR spectra is necessary to fit the calculated values to the experimentally observed IR vibrations. In the following discussion, DFT results are scaled by the factor 0.954 around 1630 cm −1 . The unscaled values can be found in Table 3 and Table 4 . Stretching modes of TMCH are labeled with C1 to C15 and deformation modes with D1 to D28. We refer to the respective labels in the following discussion, in the tables, as well as in the IR spectra. A comparison of the IR spectra of TMCH and isophorone multilayers is shown in Fig. 7 . Most importantly, there are two different peaks in the C = O stretching region that likely result from different TMCH species. We assign the strong peak at 1713 cm −1 to C = O stretching in TMCH ice since it grows continuously with increasing exposure, and the band at 1648 cm −1 to a C = O stretching mode from sub-monolayer TMCH. These peaks will be discussed in more detail in the following section.
The vibrational modes of TMCH are summarized in Table 3 . The IR spectrum of multilayer TMCH on Pd(111) is plotted together with the IR spectrum of the same coverage of isophorone in Fig. 7 . Fig. 7 also shows the assignment of selected vibrational modes. For a detailed discussion of the vibrational modes of TMCH we refer to the SI. Fig. 8 shows IR spectra of TMCH on Pd(111) at 120 K from 1800 cm − 1 to 1200 cm −1 at different coverages. The coveragedependent evolution of IR absorption features gives detailed insights into the binding and the geometry of TMCH on Pd(111). According to the MSSR, only the projection of the dynamic dipole moment perpendicular to the surface can be measured by IRAS. The IR absorption intensities in the C-H stretching (not shown here) and the C-H deformation regions grow roughly monotonically with does not change intensity up to 1/3 ML, and then disappears at coverages greater than 1/3 ML. A small band at 1701 cm −1 appears at 1/6 ML exposure and increases slightly in intensity up to 1/3 ML, but does not appear to grow further with increasing exposure. At 1/2 ML exposure, a bands at 1713 cm −1 appears and continues to grow with increasing exposure. The IRAS series shown in Fig. 8 gives valuable information about the interaction of TMCH with the Pd(111) substrate. First, there are several different peaks in the C = O stretching region that likely result from different TMCH species. We can assign the strong band at 1713 cm − 1 , which grows continuously with increasing exposure beyond 1/2 ML, to C = O stretching in TMCH ice. We assign the band at 1648 cm , all IR absorption features of TMCH become weaker with decreasing coverage. In contrast to isophorone, a selective disappearance of only some vibrations modes is not observed; the decrease in intensity is evenly distributed through all IR absorption features.
TMCH at sub-monolayer coverage
To better understand the influence of the Pd(111) substrate on the C = O stretching modes of TMCH, we have performed DFT calculations of the IR spectra of TMCH in the gas phase and of an isolated TMCH molecule adsorbed on Pd(111), which are shown in Fig. 9 . The position of the calculated C = O stretching mode of gas-phase TMCH (1694 cm − 1 ) is 83 cm −1 higher in wavenumber than that of TMCH adsorbed on Pd(111) (1611 cm
), indicating a strong perturbation of the C = O vibrational mode of TMCH by interaction with the Pd(111) surface. Also shown in Fig. 9 are the IR spectra of gas-phase TMCH from the NIST Chemistry WebBook [58] and TMCH (1.5 ML exposure at 120 K) adsorbed on Pd(111). The position of the calculated C = O vibrational band in gas-phase TMCH (1694 cm −1 ) is not the same as that of gas-phase TMCH from the NIST database (1730 cm − 1 ). Also, the ). However, the difference in the position of the calculated C = O stretching mode in gas-phase TMCH to the calculated C = O stretching mode of an isolated TMCH molecule on Pd(111) (83 cm ). Combining the experimental IRAS results and DFT calculations, a clearer picture of the interaction between TMCH and Pd(111) emerges, which is very different from that of isophorone. The C-H stretching and C-H deformation regions grow roughly monotonically with increasing coverage, pointing to a possibly less strict ordering of molecules on the surface. TMCH interacts with the Pd(111) surface primarily through the C = O group. At low coverage, TMCH adsorbs roughly perpendicular to Pd(111) through the strongly perturbed C = O group, giving rise to a C = O vibrational band that is strongly shifted by ≈82 cm −1 to lower wavenumber relative to that of gas-phase TMCH. At intermediate coverage between sub-monolayer and multilayer ice, two new C = O vibrational bands appear at 1747 cm −1 and 1701 cm −1
. The origin of these peaks is not fully clear, however, they may arise from the second layer of TMCH molecules. A C = O vibrational band from multilayer TMCH ice appears at 1713 cm −1 , which is 17 cm − 1 lower in wavenumber than the C = O stretching mode of gas-phase TMCH, and continues to grow with further increasing coverage.
Conclusions
The adsorption of the unsaturated ketone isophorone and its hydrogenation product, the saturated ketone TMCH, on Pd(111) were investigated in this work. IR vibration modes of isophorone, deuterium-labeled (d 5 -) isophorone and TMCH were studied in the range from 3000 cm −1 to 1000 cm −1 by IRAS and DFT studies. Detailed assignment of IR vibrations was achieved for the first time for normal and d 5 -isophorone as well as TMCH at multilayers coverages. Investigation of normal and d 5 -isophorone allowed for better assignment of vibrational bands:
• C = C and C = O stretching modes are well-separated in d 5 - isophorone, but are strongly overlapping in normal isophorone, • CH 2 stretching and bending modes can be distinguished from CH 3 stretching and bending vibrations, and
• C-C stretching vibrations are separated from CH 2 wag, CH 2 twist, and CH bend modes.
Vibration frequencies of isolated isophorone and TMCH molecules from DFT + vdW calculations agree well with the experimentally observed IR absorption features at multilayer coverages. A detailed assignment of vibrational modes between 3000 cm − 1 and 1000 cm − 1 was presented for the three molecules. The coverage dependent evolution of IR vibrational bands provides deep insights into the structure of isophorone on Pd(111):
• At the lowest isophorone coverage, we observed a flat-lying adsorption geometry with the C = C and C = O bonds being oriented parallel to the surface plane and at least one CH 3 group facing away from the Pd. This observation suggests that isophorone preserves the in-plane configuration of the conjugated π-system in the low coverage limit. However, dehydrogenation of a CH 3 group to CH 2 appears to be possible.
• For intermediate sub-monolayer coverages, the in-plane structure of the isophorone ring adsorbed on pristine Pd(111) was observed to be strongly distorted. The C = C bond becomes noticeably tilted with respect to the surface plane, while the C = O bond remains still oriented flat on the surface. (C = C and C = O stretching), and 1500-1000 cm −1 (C-H and C-C deformation and C-C stretching). The IR spectra indicate that the adsorption of isophorone is significantly affected by the presence of pre-adsorbed hydrogen:
• At intermediate isophorone coverages, the molecular structure is similar to that of gas-phase isophorone.
• At low coverages of isophorone, the intensity ratio of the C-H vibrations strongly points to different orientation of the -CH 3 groups as compared to pristine Pd(111). The molecules appear to be more perturbed on the clean Pd(111) surface than on the hydrogenprecovered surface.
• The hydrogen-induced changes in the orientation of unsaturated bonds may have important implications for selective hydrogenation of either the C = C or the C = O bond, i.e. via changing the typical distances of the C = C vs. C = O bonds to the surface and thus effecting the degree of their perturbation and the hydrogenation probability.
We found pronounced differences in the structures of the saturated ketone TMCH and the unsaturated ketone isophorone adsorbed on Pd(111):
• TMCH adsorbs in a strongly tilted geometry with respect to the Pd(111) surface plane, interacting with the surface primarily through the C = O group.
• At the lowest TMCH coverage, the species give rise to a C = O vibrational band that points to a considerably weakened C = O bond.
• At intermediate TMCH coverage, species with less perturbed C = O bonds also appear.
• The C-H vibrational bands grow roughly monotonically with increasing coverage, which might point to less perturbed C-H bonds and a less strict ordering of molecules on the surface.
• The strong changes in the adsorbate's structure going from the unsaturated to the saturated ketone (isophorone to TMCH) may play a crucial role in the selectivity of C = C vs. C = O bond hydrogenation in α,β-unsaturated carbonyl compounds.
